Experimental study on the bubble dissolution inside horizontal pipes. The dissolution rates measured for bubble size ratios are within 12% per second. The effect parameters on dissolution rates are investigated. The bubble dissolution model has been developed. 
Introduction
The generation of microbubbles under super saturated conditions in a closed system is a common phenomenon subsisting in major industrial and energy processes including those of chemical, pharmaceutical, food, heating (Joelsson and Gustavsson [1] ), renewable energy (Chen and Yang [2] ) or power generation (Wang et al. [3] ). The appearance of a secondary bubble phase is mostly undesirable due to its negative effects on system performance. For example, in a domestic wet central heating system, the occurrence of microbubbles could result in cavitations' corrosion, unwanted noise, blockages and inefficient performance due to radiator cold spots. Hence, the lifetime of dissolving bubbles, droplets, and solid particles in an isothermal bulk phase is a major consideration in the design of equipment in a variety of industrial applications.
Microbubbles in a domestic wet central heating system nucleate on the surface of the primary heat exchanger due to elevated wall temperatures, thereby resulting in super saturation or near super saturated conditions in the vicinity of the wall. It is known from experimental results that the bubble nucleation rates range between 0.3 and 4 bubbles per cm 2 per second and the mean bubble diameters at the boiler exit vary from 0.13 to 0.39 mm (Fsadni et al. [4] ). In addition, under most operating conditions the water in the system pipe work is at under-saturated conditions. Hence, the highest bubble density is found at the immediate exit of the boiler, and consequently, the average bubble diameter and density are expected to decrease with the distance from the boiler unit as mass transfer through dissolution takes place. Passive deaerators are installed at the flow line of the boiler so as to capture bubbles, thus ensuring that the dissolved air content in the system water is reduced, consequently reducing the saturation ratio and the nucleation rate at the heat exchanger wall. Therefore, a comprehensive analysis of the expected rate of dissolution for the bubbles present in such a system is considered as essential for the optimal positioning of such a device. From public literature, the bubble dissolutions due to gas diffusion at under-saturated conditions have been extensively studied but are mostly based on theoretical analysis. Kress and Keyes [5] investigated and quantified the liquid phase controlled mass transfer to bubbles in co-current turbulent pipe flow using an empirical correlation to calculate mass transfer coefficients. They reported that data obtained for the mass transfer in agitated vessels could not be directly used to predict mass transfer in pipeline flow, as lower mass transfer rates were expected in agitated vessels due to the relative ineffectiveness of the turbulence. Lezhnin et al. [6] examined the dissolution of air bubbles in water flowing in a horizontal pipeline, where in contrast to the nearly constant pressure used in the present study, the pressure dropped from several bars to atmospheric. They therefore classified the mass transfer mechanism in under-saturated bubbly flow as turbulent diffusion. Other studies by Hesketh et al. [7] and MartÍnez-Bazán et al. [8] investigated the bubble breakup in turbulent pipe flow. However, the effect of such a phenomenon is considered minimal for the conditions of the present study, due to the small bubble diameters and quasi-spherical bubble shape characterising such systems (Fsadni et al. [4] ). Most studies on bubble dissolution in under-saturated solutions have been done for isolated gas bubbles and were based on the Epstein and Plesset [9] gas diffusion model such as Duda and Vrentas [10] and Cable and Frade [11] . These studies found their origin as a result of a direct interest in the dynamics of bubble dissolution or in the need to obtain a value for the diffusivity of the gas in a liquid with a known solubility. The theoretical interpretation of these experiments has been based on the consideration of an isolated sphere in spherically symmetrical conditions. Hence, at under-saturated conditions, the bubble dissolves at a rate controlled by the diffusion of gas through the liquid. Similarly, the bubble growth rate at supersaturated conditions is also dependent on the diffusion of gas through the liquid. These bubble growth and condensation rates have been investigated in boiling and subcooled flow boiling conditions, whereby models have been developed to predict the ratio of the actual to maximum bubble diameters at pre-determined time intervals by Prodanovic et al. [12] and Akiyama and Tachibana [13] . On the other hand, a number of adaptations have been developed for the symmetrically isolated bubble model. However, such adaptations require correlations in order to compensate for the imperfect bubble spherical shape and diffusion field. Similar adaptations have been done for the dissolution of microbubbles attached to a wall under flow conditions by Cable [14] and Kentish et al. [15] . Such models have also been adapted in medical science involving the analysis of gas bubble dissolution in whole blood and plasma by Yang et al. [16] .
So far few experimental data directly related to bubble dissolution in central heating or associated systems are available. Moreover, limited attention in literature, to date, has been paid to the expected dissolution of free bubbles in turbulent flow with minimal slip.
In this paper, the bubble dissolution in horizontal turbulent bubbly flow has been examined experimentally in a test rig of domestic central heating system. A high speed camera is used to measure and record the bubble sizes across two separate pipe sections at different operating states. A dynamic bubble dissolution model is developed and compared with the measurements. The model is therefore utilised as an efficient design and analysis tool to predict the effects of fluid saturation ratio, velocity, temperature, pressure and initial bubble size on the bubble dissolution rate, which are significant factors in the understanding of bubbly behaviours in domestic central heating systems.
Experimental set-up and procedure
A schematic layout of the experimental test rig is shown in Fig. 1 . A Commercial condensing boiler is connected to a 22 mm diameter (outer) copper pipe work consisting of a radiator and a buffer vessel. The condensing boiler is used since it is mandatory equipment for new buildings in most European Union member states (Semmens and Ahmed [17] ) due to its high efficiency and consequently energy saving properties (Chen et al. [18] heat exchanger design used in the current study consists of 12 rectangular tubes coiled around the boiler burner in a helical structure, as shown in Fig. 2 . The first 4 tubes at the return end are compartmentalised into a condenser where the flue gases from the gas burner condense on the cold tube surfaces, releasing latent heat, consequently resulting in higher efficiencies. At the inlet, the system mass flow rate is split in half and channelled into two parallel tubes in the helical structure. Therefore, the system mass flow rate is equal to twice that observed in the boiler tubes. At the boiler exit, two identical square sight glasses HSG1 and HSG2, each with internal dimensions of 20 Â 20 mm, were installed for filming microbubbles at two stations, spaced 2.2 m apart, on a horizontal straight line pipe. Along the pipe work circuit, seven stainless steel sheathed K type thermocouples are used to measure the fluid temperatures and four pressure transducers used to monitor the system pressure at different locations. The fifth pressure transducer, in combination with a semi-permeable silicone membrane, is used to monitor the dissolved gas partial pressure. A tap water cooling heat exchanger is used to cool the system water to a lower temperature of between 20 and 45°C, to allow the partial gas pressure monitoring system to function as required. The system fluid flow rate is monitored through an Electromag 500 Series electromagnetic flow metre. A National Instruments cDAQ-9172 chassis and relevant data modules receives all the signals from the pressure transducers, thermocouples and electromagnetic flow metre. The signals are then managed through the use of a block diagram set up on LabVIEW which transfers the saved data onto Excel files. These thermocouples and pressure transducers and the LabVIEW system were calibrated using standard calibrating equipment. It should be noted that standard central heating systems make use of untreated steel radiators and copper piping. These radiators result in limited oxidation due to a presence of dissolved oxygen in the tap water. The oxidation process releases iron oxide and hydrogen gas, and leaves nitrogen as the dominant dissolved gas. Nitrogen is therefore considered as the sole nucleated and dissolved gas within the system.
The system pressure was set at 2.7 bar for all experimental runs using a nitrogen gas cylinder connected to a standard cylinder regulator. As illustrated in Fig. 1 this was done through a one-way valve at the top of the radiator. Nitrogen gas was used as it is known to be the predominant dissolved gas in wet central heating systems, as mentioned above. The system heating load was set through the control of the boiler return temperature that was maintained at a constant level through the use of a magnetic tap connected to the tap water mains supply line.
The analysis of dissolved gases, through the use of Orbisphere 3655 oxygen and Orbisphere 3654 hydrogen sensors, was able to measure a very low concentration of oxygen and hydrogen present in their dissolved form. In fact, both gases were present in concentrations of ca. 9 PPB. This is in line with the findings reported by studies done in industry, through long term experimentation with domestic central heating test rigs. In fact, oxygen, methane and carbon dioxide concentrations were found to make up to 3% of the volume of the gases present at the top of a radiator. Therefore, nitrogen is evidently the dominant gas and its dissolved gas properties are used in this present study. The partial gas pressure was calculated by subtracting the vapour pressure from the gas transducer reading, as defined by Lubetkin and Blackwell [20] . The actual gas concentration in the system C gas was calculated using nitrogen gas solubility data provided by Battino [21] and Henry's law of Eq. (1) (Gerrard [22] ).
where P g is the partial pressure of the dissolved gas, and X T is the gas solubility factor. The saturation ratio a was calculated by Eq.
(2) as defined by Jones et al. [19] .
where C sat is the maximum gas concentration at the bulk fluid conditions (standard cm 3 /L water).
To investigate the bubble dissolutions at different operating conditions, two sets of the system parameters, as listed in Table  1 , were controlled during experiments following the procedures below:
(i) Under saturation conditions were achieved through the sudden release in system pressure followed by a subsequent re-pressurisation. Saturation ratios close to unity were attained through the filling of the upper part of the radiator with a head of nitrogen gas. System saturation ratios in the pipe work were set between 0.89 and 0.97, as defined by Jones et al. [19] and calculated using Eq. (2). (ii) The system flow rate or velocity was stepped up using a ball valve on the supply line from a minimum 0.25 m/s to a maximum of 0.52 m/s. This is equivalent to a system flow rate ranging from 6 to 12.5 L/min.
Imaging and analysis
As illustrated in Figs. 3 and 4, a square section of the horizontal sight glass (HSG1, HSG2) was designed to reduce the distortion as a result of viewing bubbles through a curved surface. As discussed by Prodanovic et al. [12] , such distortions are due to light refraction. A Vision Research Phantom V5 high speed camera connected to a PC was used to film and store the video clips as illustrated in Fig. 3 . A monozoom (Navitar) microscope lens was used to develop the desired magnification.
The experiment implemented a shutter speed of 30 ls and a frame speed of 100 frames per second. Lighting was provided by two high intensity 60 W light sources attached to semi rigid fibre optic light guides. The system was calibrated using a number of standard sized gauges and subsequent scaling. A frame size was attained at 5.62 mm Â 5.62 mm and the depth of field was limited to approximately 1.5 mm.
This depth of field was determined through use of a precision vertical movement rack which determines points at which a number of pre-defined objects are in and out of focus with the measured vertical movement of the camera. Five focal planes were used, being at 0, 4, 8, 12 and 16 mm from the top plane of the sight glass. This was necessary so as to analyse the bubble distribution across the horizontal pipe work.
The video films were converted to image frames saved as 'tag image file format' or tiff files using the Phantom Version 606 camera software. Image analysis was done through use of the software, Image-Pro Plus. A macro was written enabling a series of images to be analysed for in-focus bubble counts and diameters. The macro included the use of a Sobel filter to enable the distinction between in and out of focus bubbles. The Sobel filter plots the gradient of intensity change between objects and their background through the extraction and enhancement of edges and contours. This is done by expressing intensity differences or gradients between neighbouring pixels as an intensity value. Therefore, objects that are in focus have sharp edges with a high gradient change which consequently results in high intensity values, whereas out of focus objects do not display such a characteristic. The Sobel filter was used as it is less sensitive to image noise as compared to other filtering techniques (Image-Pro [23] ). A typical analysed image is illustrated in Fig. 5 , where in focus bubbles are circled. 
Uncertainty analysis
The main errors of this study originate from the limitations of the video images due to the presence of in and out of focus bubbles. Illumination shadowing and manual measurement errors are also considered as potential errors. These errors are mostly due to the precision with which the macro based image analysis software could determine the in-focus bubbles from the out of focus ones. A manual analysis of sample images has shown an average accuracy of ±10% in determining between in and out of focus bubbles. This error value is an estimate as a manual analysis of in and out of focus bubbles is considered to be subjective due to the lack of a set of fixed parameters for the manual selection. The volumetric void fraction was calculated through the use of the Coleman and Steel method [24] . Other errors are due to the flow metre which has an accuracy of 0.5% whereas pressure transducers have an accuracy of 0.3%. The stainless steel sheathed K type thermocouples have an accuracy of ±0.1 K. The effects of these errors are considered to be minimal for the measurement requirements of the present study. The experimental uncertainties of the saturation ratio a at bulk fluid conditions, the bubble size ratio e and the volumetric void fraction were estimated to be within ±1.9%, ±7.1% and ±11.7%, respectively.
Experimental results and comparison with bubble dissolution model
The recorded experimental results for test conditions (i) and (ii) as listed in Table 1 will be explained and compared with a developed model for bubble dissolution in the following sections. This model is applied to analyse the effecting parameters on bubble dissolution behaviours.
Development of bubble dissolution model
To explore the bubble dissolution behaviours of bubbly flow in a horizontal pipe within a domestic central heating system, a dynamic model has been developed based on the mechanism of turbulent diffusion with the following assumptions:
(1) The liquid fluid is pure water and the flow is isothermal (due to good insulation between HSG1 and HSG2) along the horizontal pipe. (2) The relative velocity between the bubble and surrounding liquid flow is negligible. (3) The effect of bubble surface tension on the gas diffusivity is considered minimal. (4) The liquid fluid at the bubble boundary is at a saturated state. (5) The gas inside the bubble i.e. pure Nitrogen is the ideal gas. (6) The bubble is spherical between HSG1 and HSG2.
The mass flux of the gas m b from a flowing bubble to ambient liquid flow can be calculated as:
where C R is the gas concentration when the radius of the bubble is R, C f is the gas concentration in the surrounding fluid of the bubble, b is the mass transfer coefficient. 
It should be noted that Eq. (4) was obtained from experimental results on the bubble mass transfer in a horizontal pipeline with Reynolds number (Re) range from 1.2 Â 10 4 to 2 Â 10 5 and Schmidt number (Sc) from 370 to 2013, which are close to the conditions of the present study in term of Re number. However, due to its higher exponent value on the Reynolds number, the turbulent effect on bubble dissolution is more significant than those of Eqs. (5) and (6). For Eq. (5), it was based on the operating conditions with Reynolds number (Re) range from 8 Â 10 3 to 2 Â 10 6 , Prandtl (Pr) number from .083 to 568 and pressure up to 10 MPa. As to Eq. (6), the applicable ranges of Re and Sc or Pr were not given explicitly. Instead, it was correlated with water fluid for bubble column diameter from 0.14 m to 7.62 m, fluid viscosity from 0.00081 Pa s to 0.01303 Pa s, and superficial gas velocity from 0.01 m/s to 0.075 m/s. The mass conservation equation of a bubble in bubbly flow at under or super saturated fluid conditions can be written as:
Assuming thermodynamic equilibrium at the boundary of the bubble, Henry's law of Eq. (1) can be used to calculate C R in Eq. (3) at the process of bubble dissolution. 
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Substituting Eq. (3) into Eq. (7) yields:
Eq. (8) is then discretized at a small time interval Dt as Eq. (9) (4)- (6) to calculate the mass transfer coefficient b under the operating conditions given in Table 1 , the predictions by the new model are compared with the present experimental data.
At the test conditions (i) and (ii) listed in Table 1 and Fig. 6 shows the bubble size ratio e measured between HSG2 and HSG1
for different depths of the sight glass focal plane. It should be noted that the radii of the bubble R 1 and R 2 were measured at HSG1 and HSG2, respectively, at the same depth of the sight glass focal plane, assuming that the same bubble flowing from one location to another does not mix. No appreciable relation is observable between the bubble size ratio e and the depth of the sight glass focal plane considering the uncertainty of image taking and processing. The measured e decreases with an increasing fluid saturation ratio due to the effect of the gas density difference on mass transfer (see Fig. 6a ). The gas dissolution is greater for higher bulk fluid velocities as expected (see Fig. 6b ). On the other hand, however, the gas dissolution decreases with a higher bulk fluid velocity because the time for the bubble to travel between the two fixed locations i.e. HSG1 and HSG2 is shortened. Therefore, the effect of bulk fluid velocity on the bubble dissolution rate is not clearly revealed from the measurements. The predicted values of e by the model using Eq. (4) to calculate b are also shown in Fig. 6 , in which the model shows the same trend as that of the measured data but significantly under predicts the bubble size ratios. Similarly, Figs. 7 and 8 show respectively the predicted values of e by the model using Eqs. (5) and (6). From Figs. 7 and 8, it can be seen that the model using Eqs. (5) and (6) to calculate b each give the same trend as the measured data but both significantly over predict the bubble size ratios. As mentioned above, Eq. (4) was based on the data obtained under the experimental conditions similar to the present study. However, the model using Eq. (4) to calculate b greatly under predicts the bubble size ratio. To match the present experimental data, a new correlation, taking the same form of Eq. (4) was then obtained by an optimised fitting of the model and the experimental data. Taking the same exponent of Sc number 0.5 and the leading coefficient 0.34, the exponent of the Reynolds number is correlated as 0.86, and the new correlation of Sh number is therefore revised as:
As expected, Eq. (10) gives good agreement with all the experimental data obtained under conditions (i) and (ii) as shown in Fig. 9 . Consequently, the discrepancy of the model prediction from the experimental results is mostly within 10%, as shown in Fig. 10 . Considering the actual operating conditions and pipe sizes of conven- Table 1 ; (b) different bulk fluid velocity, test condition (ii) given in Table 1 . Eq. (4) is used to calculate b in the model. The solid line is a guide for the eye. tional domestic central heating systems, for correlation (10) , the applicable range of Re is from 9.0 Â 10 3 to 5.4 Â 10 4 and Sc from 50 to 90. These application ranges although are much slimmer than those in correlations (4)-(6), the new correlation is more accurate and quite suitable for the analysis of bubble behaviours in domestic central heating systems.
To clearly examine the effects of the saturation ratio a and bulk fluid velocity U f on the bubble size ratio e, the values of e from measurements and predictions are averaged along all the depths of sight glass focal plane for both test conditions (i) and (ii) given in Table 1 . The variations of the averaged e with the saturation ratio a and bulk fluid velocity U f are depicted in Figs. 11 and 12 respectively. From both the experimental data and predictions, we can see that at test condition (i), the averaged e increases almost linearly with increasing saturation ration a. However, for the same reason mentioned above, the effect of bulk fluid velocity on the average e is not appreciable from the averaged measurement and predicted results shown in Fig. 12. 
Parametric study
The new model is then used to study the effects of fluid velocity, saturation ratio, fluid temperature and pressure, bubble initial size and inner diameter of the pipe on the bubble dissolution rate i.e. e. For a given fluid velocity, e increases with increasing a until a reaches unity. This is because the elevated a actually diminishes the gas mass transfer potential between the gas inside the bubble and surrounding liquid. Whilst the fluid is at super-saturated conditions (a > 1), for the same reason, the higher a and fluid velocity enhance the bubble size enlarge rate despite e being effectively increased due to the gas mass transfer in the opposite direction. It should be noted that the relationship between e and fluid velocity for a constant a is almost linear since the fluid temperature and pressure during the bubble dissolution or increase process both remain relatively stable such that only the mass transfer coefficients are altered with limited fluid velocity changes. However, the variations of e with fluid temperatures at constant pressure are not monotonous but instead determined by the fluid pressure magnitude. When the pressure is below a specific value (roughly 2.7 bar), the value of e is higher for greater fluid temperatures. These can be explained with the fundamental Henry's law that at a constant fluid temperature, the gas solubility increases, thus bubble size reduces with higher pressures and the higher fluid temperature simultaneously causes the solubility to drop and the bubble size to enlarge. However, if the pressure variation is larger, the effect of fluid pressure on e overtakes that of the fluid temperature. For a constant pipe inner diameter, e increases significantly when the initial bubble size is less than about 0.2 mm and more slowly when the initial bubble size is greater than the same value. Conversely, the effect of the pipe inner diameter on e is not appreciable. From Eqs. (9) and (10), the effects of the pipe inner diameter and initial bubble size can be explained. By rearranging Eq. (10), the mass transfer coefficient is found to be proportional to d Àð1À0:86Þ i and the impact of the pipe inner diameter is therefore significantly reduced. Similarly, with some rearrangement of Eq. (9), R 2 therefore e is greatly reduced with a smaller initial bubble size.
Conclusions
The measurements have been carried out for the dissolution of free bubbles in turbulent bubbly flow in under-saturated water conditions, the typical condition in a domestic wet central heating system. The bubble dissolution rates measured for the bubble size ratios are in the range of 1-12% per second or 0.65-18% per metre of horizontal pipe work with system conditions, hence increasing with a lower bulk fluid under saturation ratios and higher velocities. The dissolution mechanism is mainly dependent on the gas concentration in the bulk fluid flow and the degree of turbulence, Fig. 11 . Variation of predicted and measured bubble size ratio with liquid saturation ratio. Test condition (i) given in Table 1 . Fig. 12 . Variation of predicted and measured bubble size ratio with bulk fluid velocity. Test condition (ii) given in Table 1 . while the effects of the phase relative velocity, surface tension and bulk fluid temperature and pressure are considered to be negligible. The decrease in bubble size as it flows through the system pipe work is a result of the gas mass transfer from the bubble to the ambient liquid. The bubble dissolution model has been developed to consider the factors of fundamental bubble gas diffusion and the surrounding fluid turbulent flow. To precisely calculate the effect of turbulent diffusion, a new correlation of the Sherwood calculation was derived which ensures the model simulation are well matched to the measurements. With the help of the validated model, the gas bubble dissolution rates are greatly affected by operating and structure parameters such as fluid velocity, saturation ratio, velocity, temperature, pressure and initial bubble size. The effect of the pipe inner diameter, however, is minimal. Ultimately, the experimental and theoretical investigation on bubble dissolution in the central heating system is valuable for understanding bubble behaviours, and enabling an optimised location for the deaertor installation and overall improvement of system performance.
